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ABSTRACT 


Chromodomain helicase DNA-binding protein 2 (CHD2) has been associated 
with a broad spectrum of neurodevelopmental disorders, such as autism 
spectrum disorders and intellectual disability. However, it is largely un- 
known whether and how CHD2 is involved in brain development. Here, we 
demonstrate that CHD2 is predominantly expressed in Pax6* radial glial 
cells (RGs) but rarely expressed in Tbr2' intermediate progenitors (IPs). 
Importantly, the suppression of CHD2 expression inhibits the self-renewal 
of RGs and increases the generation of IPs and the production of neurons. 
CHD2 mediates these functions by directly binding to the genomic region 
of repressor element 1-silencing transcription factor (REST), thereby regu- 
lating the expression of REST. Furthermore, the overexpression of REST 
rescues the defect in neurogenesis caused by CHD2 knockdown. Taken to- 
gether, these findings demonstrate an essential role of CHD2 in the 
maintenance of the RGs self-renewal levels, the subsequent generation of 
IPs, and neuronal output during neurogenesis in cerebral cortical develop- 
ment, suggesting that inactivation of CHD2 during neurogenesis might con- 
tribute to abnormal neurodevelopment. STEM CELLS 2014; 00:000—000 


INTRODUCTION 


Neurogenesis is an essential process during embryonic 
cortical development that includes the proliferation and 
differentiation of neural progenitor cells (NPCs). In the 
developing cortex, two major types of NPCs are found 
in the proliferative zones: Pax6* radial glial cells (RGs) 
and Tbr2* intermediate progenitors (IPs). RGs, which 
are located in the ventricular zone (VZ), divide symmet- 
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rically to self-amplify or generate either a neuron or an 
IP via asymmetrical division [1, 2]. IPs, which is mainly 
found in the subventricular zone (SVZ), divides symmet- 
rically to generate neurons after one to three amplifica- 
tion divisions. Furthermore, the proliferation of progen- 
itor cells is tightly regulated by both intrinsic and extrin- 
sic factors to control the development of the cerebral 
cortex. An abnormality in any process may result in im- 
proper brain development. For example, the overex- 
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pression of Trnp1 (TMF1-regulated nuclear protein 1) in 
vivo increases the number of Pax6' progenitor cells, 
whereas the knockdown of Trnp1 increases the number 
of Tbr2' cells and induces folding of the cerebral cortex 
[3]. Axin, an essential protein related with neurogenesis 
by interacting with various signaling proteins, promotes 
the generation and amplification of IPs but has no sig- 
nificant effect on RGs [4]. Although an increasing num- 
ber of molecules are involved in the proliferation of 
progenitors, how neurogenesis is regulated at the mo- 
lecular and cellular levels during the development of 
the cerebral cortex remains largely unknown. 

Chromodomain helicase DNA-binding protein (CHD) 
is a member of the ATP-dependent chromatin remodel- 
ing family and is crucial for both the assembly and regu- 
lation of chromatin. An increasing body of evidence 
demonstrates that the CHD protein plays instructive 
and programmatic roles during development [5] and 
may act as a facilitator of lineage specification [6]. For 
example, the loss of CHD5 blocks neuronal differentia- 
tion and results in an accumulation of undifferentiated 
progenitors [7], whereas CHD4 depletion promotes as- 
trogenesis without affecting neuronal differentiation in 
the developing neocortex [8]. CHD7, a candidate gene 
of CHARGE (coloboma of the eye, heart defects, atresia 
of the choanae, severe retardation of growth and de- 
velopment, genital abnormalities, and ear abnormali- 
ties) syndrome, promotes adult neurogenesis via stimu- 
lating the expression of the Sox4 and Sox11 genes [9]. 
CHD8, an autism susceptibility gene, also has an essen- 
tial role in brain development [10]. However, the func- 
tions of other CHD family members in embryonic corti- 
cal development are unclear. 

CHD2 belongs to the CHD family of chromatin re- 
modelers. CHD2-null mouse embryos demonstrate a 
general growth delay and die prior to birth, indicating 
that CHD2 plays important roles in mammalian devel- 
opment and long-term survival [11]. Haploinsufficiency 
for CHD2 causes scoliosis and similar features of 
CHARGE syndrome, such as mental retardation [12]. 
Deletion of CHD2 in a child results in epilepsy and men- 
tal deficiency, indicating an essential role of CHD2 in 
brain function [13]. Moreover, CHD2 mutations might 
cause intellectual disability, autism, and epileptic en- 
cephalopathies [14-18]. Although a subset of CHD fami- 
ly members play important functions in the mainte- 
nance of brain function and the development of the 
brain, very little is known regarding the role of CHD2 in 
embryonic neurogenesis. In addition, CHD2 mutations 
contribute to a broad spectrum of neurodevelopmental 
disorders, indicating that CHD2 might play an important 
function in the early development of the neocortex. 

With this regard, we investigated the functions of 
CHD2 in mouse embryonic neurogenesis and explored 
the underlying molecular mechanism. We found that 
CHD2 is predominantly expressed in Pax6' RGs but is 
rare in Tbr2" IPs. The knockdown of CHD2 in the embry- 
onic cortex decreases the amplification of RGs and 
promotes the generation of IPs. Furthermore, depletion 
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of CHD2 results in their premature differentiation. The 
essential effect of CHD2 in embryonic neurogenesis is 
performed by stimulating the expression of REST. 


MATERIALS AND METHODS 


Plasmid Constructs 

The sequences for shRNAs targeting CHD2 are as fol- 
lows: | CHD2-shRNA1, | CAAGAACCATCACGATTTAAT; 
CHD2-shRNA2, GCCTCTAAGAAGGAACGGATA; and 
CHD2-shRNA3, TCATCCAGGCAGTACTATTAA. | CHD2- 
shRNA3 was targeted to the 3’UTR of CHD2. The CHD2- 
shRNAs were subcloned into the pSicoR-GFP vector, 
which was kindly provided by Dr. Wanzhu Jin (Institute 
of Zoology, Chinese Academy of Sciences). CHD2 cDNA 
was amplified by PCR and subcloned into pCDH, which 
was also provided by Dr. Wanzhu Jin. Full-length CHD2 
and three different fragments (1-400 aa, 401-1000 aa, 
and 1000-1825 aa) were amplified from mouse CHD2 
cDNA by PCR and subcloned into pCMV-Tag 2 to gener- 
ate a Flag-tagged expression plasmid. The Flag-tagged 
fragments and full-length CHD2 were also amplified and 
cloned into pCDH for lentivirus packaging. 


Antibodies 

The following primary antibodies were used for im- 
munohistochemistry staining or western blotting anal- 
yses: rabbit monoclonal anti-CHD2 (1:1000, Abcam); 
mouse monoclonal anti-BrdU (1:1000, Millipore); rat 
monoclonal anti-BrdU (1:1000, Abcam); mouse mono- 
clonal anti-Pax6 (1:100, DSHB); mouse monoclonal anti- 
Nestin (1:200, Millipore); mouse monoclonal anti-SOX2 
(1:500, RD); mouse monoclonal anti-B-actin (1:2000, 
Proteintech); rabbit monoclonal anti-pax6 (1:1000, Mil- 
lipore); rabbit monoclonal anti-Tbr2 (1:1000, Abcam); 
rabbit monoclonal anti-Flag (1:1000, Sigma); rabbit 
monoclonal anti-tuj1 (1:1000, Sigma); and rabbit mono- 
clonal anti-Ki67 (1:1000, Abcam). 


NPC Cultures 

Pregnant ICR mice purchased from Vital River Laborato- 
ries were used for the isolation of embryonic neural 
progenitor cells. Briefly, the dorsal telencephalon of E12 
ICR embryos was digested in papain (Worthington) for 5 
min at 37°C and mechanically dissociated using pipet- 
ting tips. Next, the mixture was washed three times 
with high-glucose DMEM (Gibco) for 5 min at 1100 rpm. 
Finally, the purified NPCs were plated at a density of 
50,000 cells/ml onto acid-treated glass coverslips 
(Deckglaser) or 48-well plates (Corning, 200 ul/well) in 
proliferation media for the subsequent experiments. All 
of the glass coverslips (Deckglaser) and plates (Corning) 
were coated with poly-L-ornithine (Sigma, 10 ug/ml) 
and laminin (Sigma, 5 ug/ml). 

The proliferation media consisted of NeuroBasal-A 
medium / DMEM/F12 (Invitrogen) with penicillin- 
streptomycin-glutamine (Invitrogen), GlutaMAX (Invi- 
trogen, 0.596), non-essential amino acids (Invitrogen, 
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196), B27 supplement (Invitrogen, 296), bFGF (Invitrogen, 
5 ng/ml), and EGF (Invitrogen, 5 ng/ml). The differentia- 
tion media consisted of low-glucose DMEM (Gibco) with 
penicillin-streptomycin-glutamine, 296 B27 supplement, 
and 196 fetal bovine serum (Invitrogen). For cell prolif- 
eration and differentiation, the medium was changed 
every other day for four days. 


Lentivirus Production and Infection 

Briefly, lentiviral DNA was transfected into HEK293FT 
cells with packaging plasmids mediated by GenEscort'"| 
(Wisegen). The medium with lentivirus was harvested at 
24 h, 48 h, and 72 h post-transfection and centrifuged 
at 3000 rpm for 5 min to eliminate cell debris. The titer 
of virus was detected in 293FT. Generally, we acquired 
0.5-1x10° lentiviral particles / ml. Virus was added into 
the medium according MOI (multiplicity of infection) =5 
and incubated overnight. After 2-4 days culture, infect- 
ed NSC were used for further analysis including RT-PCR, 
western blot, and immunostainning. 


Immunostaining 

Immunostaining for cultured cells was performed as 
follows: the cells were washed with PBS (Invitrogen), 
fixed in 496 PFA, blocked in 596 BSA (Sangon, in 0.196 
PBST), incubated with primary antibodies overnight at 
49C, and visualized using secondary antibodies. 

For the immunostaining of brain sections, pregnant 
female mice were first injected with 100 mg/kg BrdU 
(Sigma-Aldrich) via i.p. 2 h or 24 h prior to being killed. 
Next, the embryonic brains were obtained, fixed in 496 
PFA for 24 h at 42C, and incubated with 30% (w/v) su- 
crose in PBS at 4°C for 24 h. Next, the brains were em- 
bedded in Tissue-Tek (Sakura) at -209C until the im- 
munohistochemical (IHC) analyses. Coronal sections (15 
um) were acquired using a freezing microtome (Leica, 
CM1950) and attached to pretreated slides. IHC was 
performed on 15-um-thick coronal brain sections. Brief- 
ly, the brain sections were washed once with 0.1 M PBS, 
pH 7.4, fixed with 496 PFA for 20 min, and washed three 
times with PBST (0.196 TritonX-100 in 0.1 M PBS) for 10 
min. Next, the brain slices were incubated in blocking 
buffer (596 bovine serum albumin in 196 PBST) for 1 h at 
room temperature. Alternatively, when IHC was re- 
quired for BrdU visualization, the brain sections were 
fixed with 496 PFA and washed three times with PBST 
(196 TritonX-100 in 0.1 M PBS) for 10 min. Sequentially, 
the sections were incubated in ice-cold 1 N HCI for 10 
min, in 2 N HCl for 10 min at room temperature, and in 
2 N HCI for 20 min at 37°C. After three times washing 
with PBST, the sections were then incubated with block- 
ing solution as previously described. The brain slices 
were incubated in primary antibodies overnight at 4°C, 
washed three times with PBST for 10 min, and incubat- 
ed with secondary antibodies conjugated to Alexa Fluor 
dyes (1:1000 dilution; Jackson) in PBST buffer for 1 h at 
room temperature on a platform shaker. The brain sec- 
tions were washed three times for 10 min in PBST prior 
to incubation with DAPI for 1 min, and then washed 
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three times with PBST for 3x 5 min. Unless otherwise 
stated, all of the IHC procedures were performed at 
room temperature. 


In Utero Electroporation 

ICR pregnant female mice were purchased from Vital 
River Laboratories for in utero electroporation. The de- 
tailed protocols have been previously described [19]. 
Briefly, plasmids were injected into E13.5 embryonic 
mouse brains with a GFP-expressing plasmid known as 
Venus at a 3:1 ratio. For cell proliferation analysis, the 
mice were intraperitoneally (i.p.) injected with BrdU 
(100 mg/kg) 3 days after electroporation and killed 2 h 
later. For cell cycle exit analysis, the pregnant mice 
were treated with BrdU for 24 h before euthanasia. For 
BrdU dating experiments, the pregnant mice were 
treated with BrdU 24h after being electroporated and 
killed 5 days later. 


RT-PCR 
The total RNA from brain tissue or cells was extracted 
using the Total RNA Kit (TIANGEN) according to the 
manufacturer's instructions. First-strand cDNA synthesis 
was performed using the FastQuant RT Kit (with DNase, 
TIANGEN). The primers used for real-time PCR were the 
following: CHD2 Forward, 
GACAGTGATTCAGATACTGAGTCTAAG; 

Reverse, CTCGGCATCCGTGAAGCCCTCCACAAG; REST 


Forward, AGCGAGTACCACTGGAGGAA; Reverse, 
CTGAATGAGTCCGCATGTGT; Pax6 Forward, 
GCGACTCCAGAAGTTGTAAGCA; Reverse, 
CTGCCCGTTCAACATCCTTA; Celsr3 Forward, 
ATGCTAGGAGAAGCATCCGC; Reverse, 
GGATCTCTCACCCTGACCCT ; Ngn2 Forward, 
AACTCCACGTCCCCATACAG; Reverse, 
GTGAGGCGCATAACGATGCT; Mash1 Forward, 
GCGGCCAACAAGAAGATGAG; Reverse, 
ATCCCTCGTCGGAGGAGTAG; Pten Forward, 
TGTGGTCTGCCAGCTAAAGGT; Reverse, 
ACATGAACTTGTCCTCCCGC[20]; and 6-actin Forward, 
GGTGGGAATGGGTCAGAAGG; Reverse, 


AGGAAGAGGATGCGCCAGTG [21]. 


Western Blotting Analyses 

Protein extracts were obtained by lysing the cells/tissue 
in RIPA (Solarbio) buffer (supplemented with 10 mM 
PMSF and cocktail). Next, 100 ug of proteins (in 1x load- 
ing buffer) were loaded onto SDS-PAGE gels (696-1296) 
and transferred onto nitrocellulose or PVDF mem- 
branes. The membranes were incubated with primary 
antibodies, and the primary antibodies were visualized 
using IRDye? 800CW or 680CW (LI-COR) donkey anti- 
mouse or anti-rabbit secondary antibodies. 


Chromatin immunoprecipitation 

In this study, Flag and CHD2 antibody was used for the 
chromatin immunoprecipitation (ChIP) assay. The cells 
were treated with 196 formaldehyde at room tempera- 
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ture for 15 minutes, and 2.5 M glycine was then added 
to terminate the reaction. After the cells were rinsed 
three times with cold PBS, the cells were harvested in 
lysis buffer 1 (50 mM HEPES-KOH [pH 7.5], 140 mM 
NaCl, 1 mM EDTA [pH 8.0], 1096 glycerol, 0.5 % NP-40, 
0.2596 Triton, Roche protease inhibitor cocktail, and 1 
mM PMSF) and then resuspended in lysis buffer 2 (10 
mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM EDTA [pH 
8.0], 0.5 mM EGTA [pH 8.0], Roche protease inhibitor 
cocktail, and 1 mM PMSF). After centrifugation, each 
sample was resuspended and sonicated in lysis buffer 3 
(10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8.0], 0.5 mM 
EGTA [pH 8.0], Roche protease inhibitor cocktail, and 1 
mM PMSF). The lysates were incubated with 50 ul of 
Dynabeads Protein A (Invitrogen), which was preloaded 
with 1 ug antibody overnight at 4°C. After the cells were 
washed 5 times with wash buffer (50 mM HEPES-KOH 
[pH7.5], 500 mM LiCl, 10 mM EDTA [pH 8.0], 1% NP-40, 
and 0.796 sodium deoxycholate), the Dynabeads Protein 
A were heated at 65°C at least 4h to reverse the cova- 
lent histone-DNA bonds. The DNA was extracted using 
the DNA Gel Extraction Kit, and real-time PCR was per- 
formed. The primers used for real-time PCR were the 
following: REST | coding sequence forward, 
TITGCAGGAGAACGCCC; reverse, 
CTGAAATGCTGGCAGTCACC; REST promoter 1K forward, 
AAGGTCTCACTTTGTAGCTATGGCT; reverse, 
ACAGAGGCAGGAGGATTGCTG; And REST promoter 2K 
forward, CTGGCCTCAGACTAGCTATG; reverse, 
GAGTGTTGGTCTTACAGGT. 


Cell pair analysis 

E13.5 embryos were electroporated with CHD2-shRNA 
or control plasmid. At E14.5, the electroporated regions 
were isolated and dissociated in papain (Worthington) 
for 5 min at 37°C. Next, the cells was washed three 
times with high-glucose DMEM (Gibco) for 5 min at 
1100 rpm and screened by 40 um filter twice. Then GFP 
positive cells were sorted by fluorescence-activated cell 
sorting (FACS). The sorted cells were plated into 12-well 
plates, which were pre-coated’ with  poly-L- 
ornithine/laminin at a clonal density and cultured in 
proliferating medium. The immunostaining was per- 
formed 24 h later. 


Image Acquisition and Statistical Analysis 

All images were acquired using a confocal Zeiss LSM780 
microscope and further analyzed with Adobe Pho- 
toshop and Image Pro Plus. The statistical analyses were 
performed using one-way ANOVA or T-test. All bar 
graphs are shown as the means+SEM. 
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RESULTS 


Endogenous CHD2 is expressed in neurogenic 
regions and specifically enriched in radial glial 
progenitors during cerebral cortical develop- 


ment 

To investigate whether CHD2 plays an important role in 
embryonic neurogenesis, we first assessed the distribu- 
tion of CHD2 in the developing forebrain from E12 to 
E18. The immunoreactivity of CHD2 was prominent in 
the nucleus of progenitors in the VZ/SVZ and of new- 
born neurons in the CP (Fig. 1A,B,C; Supporting infor- 
mation Fig.1). Importantly, CHD2 was predominantly 
expressed in a subset of Pax6* RGs (Fig. 1D), whereas it 
was rarely expressed in Tbr2' IPs (Fig. 1E). To further 
demonstrate the expression of CHD2 in RGs, we isolat- 
ed neural progenitors from E12, E15, and E18 brains 
and cultured into neurospheres. RT-PCR results showed 
that the expression of CHD2 was down-regulated when 
Pax6, the RGs marker, reduced (Fig. 1F). Simultaneous- 
ly, CHD2 immunoreactivity was also detected in Sox2- 
positive cells and Nestin-positive progenitor cells (Fig. 
1G, 1H) Taken together, endogenous CHD2 is ex- 
pressed in neurogenic regions and is abundant in RGs 
but largely absent in IPs during cerebral cortical devel- 
opment. 

To confirm that CHD2 is also expressed in vitro, im- 
munostaining studies were performed on both 
HEK293FT cells expressing Flag-tagged CHD2 and cul- 
tured neurospheres. Consistent with these studies, 
CHD2 was also expressed in the nucleus of HEK293FT 
cells and cultured neurospheres (Fig. 11, 1J). Moreover, 
CHD2 was also co-expressed with Sox2, Pax6, and Nes- 
tin, demonstrating the expression of CHD2 in progeni- 
tors in vitro (Fig. 1K). 


CHD2 is essential for the development of ne- 
ocortex and the proliferation of progenitor 


cells 

Given that the expression pattern suggested a potential 
role of CHD2 in embryonic neurogenesis, we investigat- 
ed the function of CHD2 using in utero intraventricular 
microinjections. Three small hairpin RNAs (shRNAs) tar- 
geting the 3’UTR or coding sequence of CHD2 mRNA 
were cloned into pSicoR. Western blotting analyses 
showed that these three shRNAs could effectively knock 
down the expression of CHD2 (Fig. 3A). Moreover the 
expression of CHD2 was depleted in CHD2 shRNA elec- 
troporated cells (Fig. 3B). To detect the role of CHD2 in 
embryonic neurogenesis, we electroporated CHD2- 
shRNA or control plasmid with a GFP-expressing vector 
into E13.5 cerebral cortices and detected the GFP dis- 
tribution 3 days later. CHD2 knockdown resulted in a 
significant reduction of GFP-positive cells in the VZ/SVZ. 
Consistent with these findings, the number of GFP- 
positive cells in the CP was clearly increased (Fig. 2A, 
2B). Moreover, CHD2 overexpression resulted in an ac- 
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cumulation of GFP-positive cells in the VZ/SVZ and a 
reduction of GFP-positive cells in the CP (Fig. 2C, 2D). 
Taken together, these results indicated that CHD2 plays 
an essential role during cortical development from 
E13.5 to E16.5, which is in the neuronogenetic interval 
starting on E10.5 and ending on 16.5 in mice. 

Because the difference in GFP-positive cells was 
clearly observed in the VZ/SVZ, which is the region 
where progenitor cells are enriched, we hypothesized 
that CHD2 regulates the proliferation of progenitors in 
embryonic neurogenesis. To test this hypothesis, we 
injected BrdU into electroporated pregnant animals 2 h 
prior to euthanasia. Interestingly, CHD2 knockdown 
resulted in a significant reduction in BrdU incorporation 
at E16.5 (Fig. 2E, 2F), whereas CHD2 overexpression 
resulted in more BrdU-positive cells compared to the 
control (Fig. 2G, 2H), suggesting that CHD2 is required 
for the proliferation of progenitors. 

To further confirm the role of CHD2 in the prolifera- 
tion of progenitors, primary progenitors were infected 
with recombinant lentivirus expressing CHD2-shRNA or 
CHD2, and the proliferative capability of the cells was 
analyzed using EdU labeling. Consistent with these find- 
ings in vivo, progenitors infected with  CHD2- 
overexpressing lentivirus showed increased prolifera- 
tion, whereas progenitors infected with CHD2-shRNA 
lentivirus exhibited reduced proliferation (Fig. 3C,D,E,F). 
Moreover, the clones that were initially generated from 
a single infected cell were much smaller in the CHD2- 
knockdown cells compared to the control (Fig. 3G, 3H). 

Taken together, the data showed that CHD2 plays an 
essential role during cortical development, particularly 
in progenitor proliferation. Both in vivo and in vitro re- 
sults revealed that CHD2 promotes the proliferation of 
progenitors. 


CHD2 promotes the proliferation of RGs and 


inhibits the generation of IPs 

There are two major types of progenitors, RGs and IPs, 
in the VZ/SVZ. How CHD2 regulates these two types of 
progenitors is unknown. For this purpose, we examined 
the proportion of Pax6'GFP* cells and Tbr2'GFP" cells. 
Consistent with the expression of CHD2 in a subset of 
Pax6' cells, CHD2 knockdown significantly reduced the 
number of Pax6' cells (Fig. 4A, 4D). Simultaneously, the 
number of Tbr2' cells increased (Fig. 4C, AF). In con- 
trast, CHD2 overexpression increased the number of 
Pax6' cells (Fig. 4B, 4E). These results indicated that 
CHD2 is necessary for the self-renewal of RGs and the 
generation of IPs. 

To further clarify the functional roles of CHD2 on 
RGs and IPs, the proliferation of RGs and IPs was as- 
sessed using BrdU labeling 2 h before the pregnant mice 
were euthanized. When CHD2 was knocked down, the 
amplification of RGs, which were Pax6'and BrdU*, was 
significantly reduced, whereas the proliferation of IPs, 
which were marked by Tbr2 and BrdU, has no signifi- 
cant variation (Fig. 4G,H,I,J). Consistent with this find- 
ing, the amplification of RGs increased when CHD2 was 
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overexpressed. These results showed that CHD2 pro- 
motes the proliferation of RGs but not of IPs. Moreover, 
cell-pair analysis in vitro showed that CHD2 knockdown 
in RGs decreased the number of RG-RG cell pairs, 
whereas the RG-IP cell pairs were increased (Fig. 4K, 
4L). These findings revealed that the knockdown of 
CHD2 inhibites the self-amplification of RGs and pro- 
motes the generation of IPs. 

Taken together, these findings showed that CHD2 
has an essential role in the self-renewal and mainte- 
nance of radial glial progenitors during embryonic neu- 
rogenesis. The magnitude of the CHD2 effect is substan- 
tial because its reduction promotes the generation of 
IPs and potentially the production of neurons. 


CHD2 knockdown promotes neuronal produc- 
tion 

Because IPs are considered the major resource of neu- 
ronal production [1] and CHD2 knockdown promotes 
the generation of IPs, we investigated the effect of 
CHD2 on neuronal production. To this end, BrdU was 
administered 2 days later at E15.5 to trace the prolifer- 
ated cells. At E16.5, the pregnant mouse was eu- 
thanized, and the embryonic brains were collected for 
analysis. The brain sections were stained with antibod- 
ies for GFP, BrdU, and Ki67. The ratio of 
GFP*/BrdU‘/Ki67 cells was significantly reduced in the 
CHD2-knockdown brains. However, the percentage of 
GFP'/BrdU'/Ki67 cells that exited the cell cycle was 
significantly increased (Fig. 5A, 5B). Compared with con- 
trol, more Tuj1' neurons were detected in CHD2-shRNA 
lent virus infected groups in vitro (Supporting Infor- 
mation Fig. 2A, 2B). In support of these findings, more 
GFP'Tuj1* cells were investigated in CHD2-knockdown 
brains, indicating that a reduction of CHD2 promotes 
neuronal production (Fig. 5C, 5D). Taken together, the- 
se results revealed that more cells exited the cell cycle 
and differentiated into neurons when CHD2 was 
knocked down. The effect of CHD2 on neuron produc- 
tion was further verified by BrdU birth dating experi- 
ment. The embryos were electroporated at E13.5, in- 
jected BrdU at E14.5 and collected at E18.5 (Fig. 5E). At 
E18.5, most GFP* cells were located in the CP in both 
control and CHD2-shRNA electroporated brains. Com- 
pared with control, more BrdU'GFP' cells were ob- 
served in CP when CHD2 was knockdown (Fig.5F, 5G). 
The result indicated that more progenitor cells were 
differentiated into neurons when CHD2 was reduced. 
Together, the knockdown of CHD2 inhibits the self- 
renewal of RGs and subsequently promotes the genera- 
tion of IPs and the production of neurons. 


CHD2 regulates embryonic neurogenesis by 
promoting the expression of REST 

To investigate the molecular mechanism underlying 
CHD2 regulation in embryonic neurogenesis, the direct 
target gene of CHD2 that plays a role in embryonic neu- 
rogenesis needs to be identified. For this purpose, ex- 
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pression data from the Cancer Genome Atlas Project 
(TCGA) was analyzed. Interestingly, REST, RE1-Silencing 
Transcription factor, which is known as a neuron- 
restrictive silencer factor, is positively correlated with 
CHD2 expression. The expression of REST was obviously 
down-regulated from E12 to E15 (Fig. 6A), indicating a 
potential role of REST in neurogenesis. When CHD2 was 
knocked down, the expression of REST was also reduced 
(Fig. 6B), while the expression of REST was up-regulated 
when CHD2 is over expressed (Supporting Information 
Fig. 1B), suggesting REST may be the candidate gene 
that is regulated by CHD2 during neurogenesis. Mean- 
while, REST target genes, Celsr3, which is required for 
neurite growth [22], as well as Mash1 and Ngn2 [21, 
23], which are lineage-specific genes, were detected. 
The expression of REST target genes was up-regulated 
by RNAi-mediated CHD2 knockdown, and down- 
regulated by CHD2 overexpression (Suppporting Infor- 
mation Fig. 1A, 1C). To test whether REST overexpres- 
sion in the developing neocortex might result in similar 
redistribution of electroporated cells as observed in 
CHD2 overexpression. REST overexpressing plasmid and 
control were electroporated. Similarly, the number of 
GFP-positive cells in the SVZ/VZ was increased, whereas 
the number of GFP-positive cells in the CP was signifi- 
cantly reduced when REST were overexpressed in the 
developing cortex (Fig. 6C, 6D). To test whether REST is 
a direct target gene of CHD2, Chromatin immunoprecip- 
itation (ChIP) experiments were performed in primary 
NSC to detect the binding of CHD2 to REST (Fig. 6E). The 
results showed that not only promoter but also coding 
region of REST were occupied by CHD2. When CHD2 
was knocked down, the binding enrichment of REST was 
reduced (Fig. 6F), whereas more binding was detected 
in CHD2 overexpressing NSC (Fig.6G). To identify the 
functional domain of CHD2 that regulates the expres- 
sion of REST, FLAG-tagged CHD2 fragments and full- 
length CHD2 were used for ChIP experiments. Results 
showed that CHD2 promotes the expression of REST 
through the chromatin-binding domain and the DNA 
binding domain (Fig. 6H, 6l). To further illustrate the 
relationship between CHD2 and REST in brain develop- 
ment, rescue experiments were performed with REST 
overexpression when CHD2 was silenced. As mentioned 
above, CHD2 knockdown decreased the percentage of 
GFP* cells in the VZ/SVZ and increased the number of 
GFP" cells in the CP. Importantly, the overexpression of 
REST rescued the abnormal distribution of GFP* cells 
caused by CHD2 knockdown (Fig. 7A, 7B). Furthermore, 
the defect of RGs amplification caused by CHD2 knock- 
down could be rescued by REST overexpression (Fig. 7C, 
7D).This investigation suggested that CHD2 controls 
embryonic neurogenesis by regulating REST expression. 


DISCUSSION 


Neurogenesis is an essential process for brain develop- 
ment that is generally accompanied by a gradual loss of 
progenitor potential and the appearance of specific 
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neuronal traits [24]. Thus, the maintenance of the pro- 
genitor pool is important for the persistent production 
of neurons. A reduced number of IPs caused by the pre- 
cocious depletion of RGs ultimately results in the pro- 
duction of fewer neurons, resulting in a smaller cortex 
[25]. In this study, we reported that the chromatin re- 
modeler CHD2 plays an essential role in governing the 
neurogenic potential of progenitors. The depletion of 
CHD2 inhibits the self-renewal of RGs and subsequently 
promotes the generation of IPs and the production of 
neurons in the short-term. Both the decrease in the 
amplification of RGs and the increase in the transition 
from RGs to IPs contribute to the reduction of RGs 
when CHD2 is silenced. Taken together, our data 
demonstrated that CHD2 plays an important role in 
embryonic neurogenesis by maintaining the  self- 
renewal capacity of RGs and by preventing the preco- 
cious depletion of the progenitor pool. 

We observed that CHD2 knockdown increased the 
number of IPs, whereas no significant effect on the am- 
plification of IPs was observed when BrdU was adminis- 
tered 2 h later. The data indicated that the increase in 
IPs mainly resulted from the transition of RGs to IPs but 
not the self-amplification of IPs. In addition, CHD2 ex- 
pression is largely absent in IPs, and the knockdown of 
CHD2 has no direct effect on IPs. Thus, our results 
demonstrated that CHD2 knockdown altered the com- 
position of the progenitor pool, resulting in a relative 
decrease in RGs and an increase in IPs. This shift was 
further confirmed using cell pair analysis in vitro, which 
showed that CHD2 knockdown inhibit the amplification 
of RGs and promote the generation of IPs from RGs. 
Because RGs can self-renew and maintain the progeni- 
tor pool during cortical development, a decrease in RGs 
induced by CHD2 knockdown may result in a transient 
enlargement but a rapid depletion of the progenitor 
pool. 

Chromatin regulators are commonly thought to fa- 
cilitate lineage specification rather than be directly in- 
volved in the process [6]. Although IPs are a major 
source of neuronal production, IPs are generated from 
RGs. Thus, the role of CHD2 on neuron production 
needs to be clarified. The suppression of CHD2 results in 
the generation of more IPs. Consistent with this finding, 
the number of cells exiting the cell cycle and labeled 
with Tuj1 was increased at E16.5, indicating that CHD2 
reduction promotes neuronal differentiation. Thus, the 
transient increase in neuronal production was also a 
primary effect of CHD2 knockdown on the proliferation 
of RGs and the transition from RG to IPs. Simultaneous- 
ly, CHD2 is also expressed in immature neurons. The 
other roles of CHD2 in neuronal differentiation remain 
unknown. 

In the developing neocortex, neurogenesis occurs 
from E10.5 to E16.5. To study the role of CHD2 in neu- 
rogenesis, we electroporated target plasmids at E13.5 
and analyzed the phenotype at E16.5. Our data demon- 
strated that CHD2 is a pivotal regulator of the self- 
renewal of RGs as well as of the generation of neurons. 
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However, these results only reflect a snapshot of the 
progenitor pool at E16.5. Thus, to emphasize the func- 
tions of CHD2 in maintaining the size of the progenitor 
pool, tracing experiments need to be performed. 

The binding of CHD2 to the REST genomic region 
suggests that it contributes to the silencing of neuronal 
genes in the proliferation stage but not in the differen- 
tiation stage. The role of REST in embryonic stem cell is 
controversial. Singh et. al showed that REST maintains 
the self-renewal and pluripotency of embryonic stem 
cells [21]. However, inconsistent results were put for- 
ward [26-28]. The discrepancy indicates that the func- 
tion of REST is restricted by multiple factors. Yamada 
et.al found that REST promotes ESC differentiation but 
is not required for their maintenance [29]. Soldati et. al 
showed that REST is not essential for production of ra- 
dial glia-like progenitors but is required for their subse- 
quent maintenance and neural differentiation [30]. As a 
repressor of neuronal genes, the expression of REST is 
downregulated in the transition from neural progenitor 
to neuronal differentiation during brain development 
[23, 31, 32]. The persistently expression of REST blocks 
the radial migration and delays neuronal differentiation 
[33]. Furthermore, REST plays important role in neural 
stem cell proliferation and differentiation mediated by 
ZNF335 [34]. Recently, REST has been reported to play 
important functions in preventing cognitive decline and 
Alzheimer's disease in the aged brain [35]. Briefly, REST 
is an essential regulator of neurogenesis during devel- 
opment and cognitive prevention during aging. In this 
study, we identified a new upstream regulator of REST, 
CHD2. The regulation of REST by CHD2 is not mediated 
by H3K4me3 modification (data not shown) but by bind- 
ing to the genomic region of REST. In addition, the bind- 
ing domain of CHD2 may be the chromatin and DNA- 
binding domains. Moreover, REST can rescue the ab- 
normal cell distribution caused by CHD2 depletion. 
Thus, CHD2 regulates embryonic neurogenesis by pro- 
moting the expression of REST. 

Interestingly, several studies have suggested that 
mutations in CHD2 contribute to a broad spectrum of 
neurodevelopmental disorders [14, 15, 36]. For exam- 
ple, two mutations in the SNF2-related helicase/ATPase 
domain of CHD2 were correlated with epileptic enceph- 
alopathy. A CHD2 frameshift mutation was associated 
with intellectual disability. Mutations of CHD2 result in 
a broad spectrum of neurodevelopment disorders, indi- 
cating that CHD2 may play important functions during 
the early stage of brain development. Thus, the explora- 
tion of the role of CHD2 in embryonic neurogenesis is 


particularly well-suited for the study of CHD2-related 
diseases. 

Taken together, the data show that CHD2 plays an 
essential role in maintaining the progenitor pool. The 
depletion of CHD2 may disturb the balance between 
the proliferation and differentiation of RGs and result in 
a rapid depletion of the progenitor pool. The regulatory 
function of CHD2 in embryonic neurogenesis may pro- 
vide insights into the molecular mechanisms underlying 
neurogenic disorders. 


CONCLUSION 


In summary, we find that CHD2 is predominantly ex- 
pressed in most Pax6' radial glial cells (RGs) but rarely 
expressed in Tbr2* intermediate progenitors (IPs). In 
vivo evidences suggest that the suppression of CHD2 
expression inhibits the self-renewal of RGs and increas- 
es the generation of IPs and the production of neurons. 
Furthermore, CHD2 mediates these functions by direct- 
ly binding to the genomic region of repressor element 1- 
silencing transcription factor (REST), thereby regulating 
the expression of REST. Our study clearly demonstrated 
the role of CHD2 in embryonic neurogenesis and brain 
development and may provide new insights into the 
molecular mechanisms underlying the pathogenesis of 
neurodevelopmental disorders. 
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Figure 1. CHD2 is highly expressed in the neurogenic region and specifically enriched in a subset of RGs during cer- 
ebral cortical development 

(A-C): CHD2 is expressed in the developing cerebral cortex. Brain sections of E12 (A), E15 (B), and E18 (C) mice were 
stained using anti-CHD2 antibodies (red). The nuclei were stained using DAPI (blue). 

(D): CHD2 is detected in a subset of Pax6* RGs in the E15 cerebral cortex. The arrows indicate cells that are double 
labeled with CHD2 and Pax6. 

(E): CHD2 is largely undetected in Tbr2* IPs in the VZ/SVZ of the E15 cerebral cortex. The arrowheads indicate CHD2' 
/Tbr2* cells. 

(F): The expression of CHD2 is consistent with the expression of Pax6, RGs marker. Progenitors were isolated from the 
brains of E12 to E18 and cultured into neurospheres. RT-PCR was performed to detect the expression of CHD2 and 
Pax6 in cultured neurospheres. 

(G-H): CHD2 immunoreactivity is present in Sox2' (G) and Nestin* (H) progenitors in the VZ/SVZ of the E15 cerebral 
cortex. The arrows indicate double-positive cells. 

(I): CHD2 is expressed in neurospheres cultured in vitro. Primary progenitor cells were isolated from the E13 cortex 
and cultured into neurospheres 2 days later. Immunocytochemical analysis was performed on the neurospheres using 
antibodies against CHD2. The nuclei were stained using DAPI (blue). 

(J): Flag-CHD2 is expressed in HEK293FT cells. HEK293FT cells transfected with the Flag-CHD2 plasmid were stained 
using anti-Flag (red). The nuclei were stained using DAPI (blue). 

(K): CHD2 was co-labeled with Nestin, Pax6, and Sox2 in dissociated progenitor cells. 

VZ/SVZ, ventricular zone/subventricular zone; IZ, intermediate zone; CP, cortical plate. Scale bar, 50 um. Error bars 
represent SEM based on n=3. At least three sections were used for analysis. 
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Figure 2. Alteration of CHD2 results in abnormal cell distribution and progenitor amplification. 

(A): CHD2 knockdown results in altered cell distribution. E13.5 mouse embryos were electroporated with pSicoR-GFP 
(Control) and pSicoR-GFP-CHD2 shRNA, and the distribution of GFP” cells was investigated at E16.5. The nuclei were 
stained using DAPI (blue). 

(B): The percentage of GFP* cells in the VZ/SVZ, IZ, and CP were quantified. 

(C): The overexpression of CHD2 in vivo results in different cell distributions compared with the control. Either pCDH 
or pCDH-CHD2 plasmids were electroporated into mouse embryos at E13.5. The distribution of GFP' cells was ob- 
served at E16.5. 

(D): Quantification of GFP' cells in the VZ/SVZ, IZ, and CP. 

(E): The knockdown of CHD2 decreases the proliferation of progenitors in the VZ/SVZ. In utero electroporation was 
performed at E13.5, and BrdU was injected into the electroporated pregnant mouse 2 h before the animal was eu- 
thanized. The arrows indicate the GFP” cells that were also labeled with BrdU in the VZ/SVZ. 

(F): Quantification of BrdU'GFP" cells in the VZ/SVZ. 

(G): The overexpression of CHD2 promotes the amplification of progenitors in the VZ/SVZ. The performance was 
same with CHD2 knockdown. 

(H): Statistical analyses of proliferated cells in (G). 

Data are the mean of five litters; error bars indicate SEM. Student's t-test, n.s., not significant; *P«0.05; **P«0.01. 
Scale bar, 50 um. 
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Figure 3. CHD2 regulates the proliferation of progenitors in vitro. 

(A): The western blotting analysis shows that CHD2 was effectively suppressed using RNA interference. Primary NSCs 
were infected with control or CHD2 shRNA lentivirus. The cell lysates were probed with anti-CHD2 and B-actin anti- 
bodies. 

(B): The expression of CHD2 was also effectively suppressed in vivo. Scale bar, 10um. 

(C): Proliferation analyses shows that CHD2 depletion inhibited the proliferation of primary progenitor cells. Cells in- 
fected with control or CHD2 shRNA lentivirus (GFP) were labeled with EdU (red) and then stained. 

(D): Quantitative analysis shows that there was a lower percentage of EdU incorporation in the CHD2-shRNA infected 
progenitor cells compared to the control cells. 

(E): CHD2 overexpression increases the amplification of progenitor cells. Cells infected with control or CHD2 lentivirus 
were labeled with EdU (red) and then stained. 

(F): A higher percentage of EdU incorporation was quantified in CHD2 lentivirus-infected cells compared to the con- 
trol. 

(G): Smaller colonies formed in CHD2 shRNA virus-infected cells. Primary progenitor cells isolated from the E13 cere- 
bral cortex were infected with a low virus titer. Immunostaining for GFP and Tuj1 was performed 7 days later. 

(H): The cell number per colony was quantified and compared. 

The values represent the means + SEM based on n=3. Student's t-test, n.s., not significant; *P«0.05; **P«0.01. Scale 
bar, 50 um. 
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Figure 4. Knockdown of CHD2 inhibits the proliferation of RGs and promotes the generation of IPs in vivo 

(A): The knockdown of CHD2 decreases the number of RGs. Sections of the cerebral cortex were stained using anti- 
Pax6 (red). The arrows indicate the Pax6*/GFP* cells in the VZ/SVZ. 

(B): CHD2 overexpression increases the number of RGs. Sections of the cerebral cortex were stained using anti-Pax6 
(red). 

(C): CHD2 knockdown results in an increase in IPs. Coronal sections were stained with anti-Tbr2 (red). The arrows in- 
dicate the Tbr2*/GFP" cells in the VZ/SVZ. 

(D): Histogram depicting the percentage of Pax6*/GFP* cells within the total GFP* cell population in the VZ/SVZ when 
CHD2 is depleted. 

(E): The percentage of Pax6"/GFP’ cells in the VZ/SVZ when CHD2 is overexpressed. 

(F): Percentage of Tbr2*/GFP* cells in the VZ/SVZ when CHD2 is knocked down. 

(G): The knockdown of CHD2 inhibits the proliferation of RGs. In utero electroporation was performed at E13.5, and 
BrdU was injected into the electroporated pregnant animal 2 h before euthanasia. Coronal sections were stained us- 
ing anti-Pax6 (red) and anti-BrdU (pink). The arrows indicate the GFP*/Pax6*/BrdU* cells. 

(H): Percentage of GFP'Pax6'BrdU' cells divided by GFP*Pax6* cells. 

(I): The knockdown of CHD2 has no significant effect on the proliferation of IPs. Brain sections were stained with anti- 
Tbr2 (red) and anti-BrdU (pink). The arrows indicate the GFP, Tbr2 and BrdU triple-positive cells. 

(J): Percentage of GFP'Tbr2'BrdU'" cells within the GFP^Tbr2" cell population. 

(K): In vitro cell-pair analysis of three types of cell division (RG-RG, IP-IP, RG-IP). The cells were stained using anti-Pax6 
(red) and anti-Tbr2 (pink). The GFP* pair cells were subjected to further analysis. N=3 independent experiments. Scale 
bar, 10um. 

(L): CHD2 knockdown inhibits the amplification of RGs and promotes the transition from RGs to IPs in vitro. The per- 
centage of GFP” cell pairs that are also Pax6' or Tbr2' is shown. 

Data are the mean of five litters; error bars indicate SEM. Student's t-test, n.s., not significant; *P«0.05; **P«0.01. 
Scale bar, 50 um. 
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Figure 5. CHD2 knockdown affects neuronal differentiation. 

(A): CHD2 knockdown affects cell cycle exit. E13.5 embryos were electroporated with CHD2 shRNA, and BrdU was 
administered 24 h before the pregnant dams were euthanized at E16.5. Coronal sections were stained with anti-Ki67 
(red) and anti-BrdU (pink). The arrows indicate GFP‘/BrdU*/Ki67 cells. 

(B): Percentage of cells that exit the cell cycle (GFP*/BrdU*/Ki67 ) in BrdU-labeled GFP” cell population. 

(C): CHD2 knockdown affects neuronal production. Coronal sections were stained with anti-Tuj1 (red). 

(D): The percentage of GFP” cells that are also positive for Tuj1 is shown. 

(E)Schematic illustration of the BrdU birth dating experimental design. The embryos were electroporated at E13.5, 
administrated BrdU at E14.5 and collected at E18.5. 

(F)More proliferated cells were differentiated into neurons. Coronal sections were stained with anti-BrdU (red). 
(G)Quantitative analysis of BrdU*GFP* cells in GFP” in CP. 

Data are the mean of five litters; error bars indicate SEM. Student's t-test, n.s., not significant; *P«0.05; **P«0.01. 
Scale bar, 50 um. 
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Figure 6. CHD2 regulates embryonic neurogenesis by promoting the expression of REST 

(A): The expression of REST is down-regulated from E12 to E15. Quantitative PCR analysis of REST expression in cortex 
samples collected from different development stages. N23 independent experiments. 

(B): The expression of REST is down-regulated when CHD2 is silenced. Primary NSC cells infected with CHD2-shRNA or 
control lentivirus were used for the RT-PCR analysis. N23 independent experiments. 

(C): The distribution of GFP” cells in the REST-overexpressing cortex is similar to that in the CHD2-overexpressing cor- 
tex (Figure 2C). Data are the mean of five litters. 

(D): The percentages of GFP” cells in the VZ/SVZ, IZ, and CP were quantified. 

(E)Schematic illustration of the primer design for ChIP. Two pairs of primers were designed against sequences that 
were 1K and 2K upstream of the start codon of REST. One pair of primers was specifically binding the coding se- 
quence of REST. 

(F)The binding enrichment of REST is reduced when CHD2 is knocked down. Primay NSC was infected with control or 
CHD2 shRNA lentivirus and collected 3 days later for ChIP experiments. N23 independent experiments. 

(G)The binding enrichment of REST is increased when CHD2 is overexpressed. Primay NSC was infected with control 
or CHD2 overexpressing lentivirus and collected 3 days later for ChIP experiments. N23 independent experiments. 

(H): The western blotting analyses show that the fragments of CHD2 are expressed. Protein lysates were probed using 
antibodies against Flag. N23 independent experiments. 

(I): ChIP analysis shows that CHD2 regulates REST expression by binding to the genomic region of REST. The potential 
functional domain may be the chromatin-binding domain and DNA-binding domain. Primary NSC cells infected with 
Flag-tagged fragments of CHD2 were harvested and sonicated. The DNA fragments were quantified using real-time 
PCR with primers for the REST promoter and REST coding sequences. N23 independent experiments. 

Error bars indicate SEM. Student's t-test, n.s., not significant; *P«0.05; **P<0.01. Scale bar, 50 um. 
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Figure 7. The defects caused by CHD2 depletion can be rescued via REST overexpression 

(A): CHD2 or REST overexpression can rescue the cell positioning defects caused by CHD2 knockdown. The CHD2- or 
REST-overexpressing plasmid was electroporated with the CHD2-knockdown plasmid into the cortex at E13.5. The 
distribution of GFP cells was investigated at E16.5. 

(B): Quantification of GFP” cells in the VZ/SVZ, IZ, and CP. 

(C): CHD2 or REST overexpression can rescue the amplification decrease of RGs caused by CHD2 knockdown. Coronal 
sections were stained using anti-Pax6 (red) and anti-BrdU (pink). The arrows indicate the GFP'/Pax6'/BrdU' cells. 

(D): Percentage of GFP'Pax6'BrdU' cells divided by GFP*Pax6’ cells. 

Data are the mean of five litters; error bars indicate SEM. Student's t-test, n.s., not significant; *P«0.05; **P«0.01. 
Scale bar, 50 um. 
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